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@ Directional coupler type optical function element 

(57) Provided is a directional coupler type optical 
function element with high extinction ratio, in 
which a junction of a 2-input/2-output direc- 
tional coupler or lnnput/2-output directional 
coupler, formed of a semiconductor or dielec- 
tric, is formed by successively optically con- 
necting, from the input side to the output side, a 
front-stage partial junction (C3), front-stage par- 
tial junction (C4) with electrode (F 1v FJ, central 
partial junction (Cg), rear-stage partial junction 
(Ce) with electrode (F 3 , F 4 ) f and rear-stage par- 
tial junction (C7), each having a predetermined 
length. 

The connection state at the front-stage partial 
junction (C3) and an incidence-side lead section 
(C|) optically connected thereto and the con- 
nection state at the rear-stage partial junction 
(C7) and an emergence-side lead section (CJ 
optically connected thereto cancel each other, 
thereby equivalent^ providing a symmetrical 
connection state and preventing the extinction 
ratio for a cross mode from lowering. By form- 
ing the central partial junction (C 5 ) with a pro- 
per length, moreover, the extinction ratio for a 
through mode can be kept high enough. Thus, 
high extinction ratio characteristics can be en- 
joyed for either the cross or through modes. 



FIG. 3 
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The present invention relates to a directional 
coupler type optical function element of a novel con- 
struction, and more particularly, to a directional coup- 
ler type optical function element having very high 
extinction ratio characteristics and adapted for use as 
an optical switch, polarizing splitter, optical mod- 
ulator, wavelength division multiplexer/demultiplexer, 
etc. 

Recently, various optical function elements hav- 
ing a directional coupler of a waveguide type have 
been developed, and optical switches, polarizing 
splitters, optical modulators, wavelength division mul- 
tiplexer/demultiplexers, eta using these elements 
have been proposed. 

Figs. 1 and 2 show examples of conventional opti- 
cal function elements of a directional coupler type. 
The element shown in Fig. 1 is a 2-input/2-output ele- 
ment, while the element shown in Fig. 2 is a 1 -input/2- 
output element 

In Rg. 1, a junction Co of a length L is formed by 
arranging two optical waveguides A and B of equal 
widths W close to each other in parallel relation, with 
a distance G for evanescent connection between 
them. 

Curved optical waveguides D u 0 2t D i and D 4 with 
a path width W and curvature radius R are optically 
connected to the respective incidence ends At and B, 
and emergence ends Aj and B 2 of the optical 
waveguides A and B of the junction Co, respectively, 
thus forming incidence-side lead section and 
emergence-side lead section C* Also, straight optical 
waveguides E 1f E* E 3 and E4 with the path width W 
are optically connected to the curved optical 
waveguides D 1v D* C^and D 4 , respectively, with a dis- 
tance Go between the respective path-width centers 
of the waveguides E 1 and E 2 and between those of the 
waveguides E3 and E4. Electrodes F 1( F* F 3 and F 4 
are mounted on the optical waveguides A and B of the 
junction Co so that electrical signals can be introduced 
from the electrodes into the waveguides. The dist- 
ances between the electrodes Ft and F 3 and between 
the electrodes F 2 and F 4 are substantially zero. 

If the straight optical waveguide Ej is an inci- 
dence port, the straight optical waveguides E 3 and E 4 
serve as a through port and a cross port, respectively. 

The 1-input/2-output element of Fig. 2 is a mod- 
ified version of the 2-input/2-output element of Fig. 1 , 
in which one straight optical waveguide Eo is optically 
connected to only the incidence end A t of the optical 
waveguide A in a direct manner. In this element, the 
straight optical waveguide Eo is an incidence port, and 
the straight optical waveguides Es and E 4 serve as a 
through port and a cross port, respectively. 

In order to incorporate these elements in a fiber 
communication system, which is going to be practi- 
cally used, it is necessary to prevent errors attribut- 
able to cross talk. Thus, the elements are expected to 
be subject to less cross talk, that is, to have high exti- 



nction ratio characteristics. 

In the case of the element shown in Fig. 1, a 
theoretically perfect cross mode is established to 
heighten the extinction ratio without limitation by 

5 applying proper electrical signals from the electrodes 
F i. F2, F 3 and F* Connections at the incidence- and 
emergence-side lead sections C, and C2 cannot, how- 
ever, provide a perfect through mode, and in this 
case, the theoretical value of the extinction ratio 

10 ranges from about 20 to 30 dB at the highest 

In the case of the element shown in Fig. 2, 
moreover, the extinction ratio for the through mode 
can be made about 10 dB higher than that of the ele- 
ment shown in Fig. 1. For the cross mode, however, 

15 the extinction ratio ranges from only about 10 to 20 
dB. 

Thus, the conventional elements, which have a 
tow extinction ratio for the through or cross mode, cannot 
exhibit high extinction ratio characteristics for both the 
20 through and cross modes. 

The extinction ratio used here is a value given by the 
falowedequalksrtlOlo^ 

output power of the through port, and | s I 2 is the out- 
put power of the cross port 

25 Among optical function elements constructed in 
this manner, known examples of those which have 
relatively high extinction ratio characteristics include 
an optical switch with an extinction ratio of about 27 
dB reported in Technical Digest Integrated and Gui- 

30 de-wave Optics '86 by P. Granestrand et al. and a 
polarizing splitter with an extinction ratio of about 28 
dB reported in the 1990 Autumn National Meeting C- 
216 of the Institute of Electronic Intelligence and Com- 
munication Engineers of Japan by H.M. Mak et al. 

35 Meanwhile, those optical function elements which 
are practically used in an optical communication sys- 
tem are expected to have an extinction ratio of 15 dB 
or more. 

To meet this requirement, intense studies have 
40 been made of the causes of low extinction ratios of 
directional coupler type optical function elements. 

Among these studies, there is one whose results 
are described in Institution of Electrical and Elec- 
tronics Engineers Journal (IEEE. J.) of Quantum Bec- 
45 tronics (Vol. 24, March, 1988) by Jean-Pierre Weber 
et al. This description indicates that the low extinction 
ratio is attributable to difficulty in refractive index con- 
trol of the directional coupler for a required switching 
state. 

50 L. McCanghan et al. also reported in IEEE. J. of 
Quantum Electronics (Vol. QE-22, No. 6, June, 1986) 
that the low extinction ratio is attributable to the 
irregularity of the refractive index of optical 
waveguides with respect to the extending direction 

55 thereof (direction of light propagation). 

Further, T.K. FindaJdy et aJ. indicated the follow- 
ing in Journal of Lightwave Technology (Vol. 6, No. 1, 
January, 1988). According to this report the extinc- 
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tion ratio is inevitably lowered because in a through 
mode there exist small connections at incidence- and 
emergence-side lead sections for connecting optical 
fibers. 

Among the three causes described in these 
reports, the one reported by Jean-Pierre Weber et al 
can be removed by property selecting the method of 
driving the element and the material of the optical 
waveguides. Further, the cause reported by L 
McCanghan et al. can be removed by improving film 
growth control during the formation of the optical 
waveguides. 

The cause indicated by T.K. FindaWy et al., how- 
ever, is an unavoidable problem which cannot be sol- 
ved unless the outside diameter of the optical fiber to 
be connected is reduced to several micrometers so 
that the element requires no lead sections. 

In the case of the optical function element of the 
conventional construction shown in Fig. 1, the extinc- 
tion ratio is lowered only for the through mode due to 
the connections at the incidence- and emergence-si- 
de lead sections Cj and C2 even though the element 
is a perfectly symmetrical directional coupler. 

The extinction ratio characteristics of the optical 
function element depend on the lower one of the exti- 
nction ratios for the through and cross modes. Even 
in case the extinction ratio for the cross mode is unli- 
mited, therefore, the whole element can enjoy only a 
low extinction ratio if that for the through mode is low. 

In the case of the optical function element shown 
in Rg. 1, moreover, the extinction ratio for the cross 
mode can be also lowered if the incidence- and emer- 
gence-side lead sections Cj and C2 do not have the 
same configuration. 

In many of practical versions of the element of 
Fig. 1 , for example, the radius of curvature of the in- 
cidence-side lead section C 1 is different from that of 
the emergence-side lead section so that these 
sections are not symmetrical. In such a case, the exti- 
nction ratio for the cross mode, as well as that for the 
through mode, is lowered for the aforesaid reason. 

Thus, in the conventional directional coupler type 
optical function elements, the extinction ratio for the 
through mode is low, and that for the cross mode is 
also lowered if the incidence- and emergence-side 
lead sections C, and C2 are not symmetrical. 

The object of the present invention is to provide 
a directional coupler type optical function element of 
a novel construction capable of exhibiting an extinc- 
tion ratio of 30 dB or more for either of through and 
cross modes. 

In order to achieve the above object, according to 
the present invention, there is provided a directional 
coupler type optical function element which com- 
prises: a directional coupler including a junction of a 
length L having two parallel optical waveguides of 
equal widths formed of a material exhibiting an eJeo- 
trooptical effect or a material capable of refractive 



index control by means of an electrical signal; at least 
one optical waveguide optically connected to the inci- 
dence end of one of the optical waveguides of the 
junction; and curved or straight optical waveguides 

5 connected individually to the respective emergence 
ends of the two optical waveguides of the junction, the 
junction including a front-stage partial junction of a 
length p A x U a front-stage partial junction with eleo- 
trode of a length (1 - pt - P2 - pa) x L/2, a central partial 

10 junction of a length P2 x L, a rear-stage partial junction 
with electrode of the same length as that of the front- 
stage partial junction with electrode, and a rear-stage 
partial junction of a length p, x L, p,, pj and P3 being 
decimals or zero satisfying a relation p< + + p* < 1 

15 (fe^Oorp,, P2*0). 

In one embodiment, there is provided a 2-input/2- 
output directional coupler type optical function ele- 
ment which comprises a directional coupler including 
a junction of a length L having two parallel optical 

20 waveguides of equal widths formed of a material exhi- 
biting an electrooptica) effect or a material capable of 
refractive index control by means of an electrical sig- 
nal, the respective incidence ends of the two optical 
waveguides of the junction being optically connected 

25 to curved or straight optical waveguides, individually, 
thereby forming an incidence-side lead section, the 
respective emergence ends of the two optical 
waveguides of the junction being optically connected 
to curved or straight optical waveguides,individually, 

30 thereby forming an emergence-side lead section, the 
junction including a front-stage partial junction of a 
length Pi x l_ a front-stage partial junction with elec- 
trode of a length (1 - pt - P2- P3) x U2, a central partial 
junction of a length P2* L, a rear-stage partial junction 

35 with electrode of the same length as that of the front- 
stage partial junction with electrode, and a rear-stage 
partial junction of a length Pa x L, where p 1f P2 and Pa 
are decimals or zero satisfying a relation Pn + p* + pa 
< 1 (P2 * 0). Alternatively, one embodiment provides 

40 a 1-input/2-output directional coupler type optical 
function element which comprises a directional coup- 
ler including a junction of a length L having two paral- 
lel optical waveguides of equal widths formed of a 
material exhibiting an electrooptical effect or a ma- 

45 terial capable of refractive index control by means of 
an electrical signal, only one of the two optical 
waveguides of the junction being optically connected 
at the incidence end thereof with a straight optical 
waveguide, the respective emergence ends of the two 

50 optical waveguides of the junction being optically con- 
nected to curved or straight optical wavegut- des.indi- 
vidually, thereby forming an emergence-side lead 
section, the junction including a front-stage partial 
junction of a length p, x L, a front-stage partial junction 

55 with electrode of a length (l-pt-px -pa) xU2, a cent- 
ral partial junction of a length P2 x l_ a rear-stage par- 
tial junction with electrode of the same length as that 
of the front-stage partial junction with electrode, and 
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a rear-stage partial junction of a length p* x L, where 
Pi. P2 and Ps are decimals or zero satisfying a relation 
Pi*p2 + Pa<1 (Pi.Pz*0). 

There will now be described, by way of example 
only, preferred embodiments of the invention, with 5 
reference to the accompanying drawings, in which: 
Fig. 1 is a plane pattern diagram showing a con- 
figuration of a conventional 2-input/2-output 
directional coupler. 

Fig. 2 is a plane pattern diagram showing a con- 1 o 
figuration of a conventional 1-input/2-output 
directional coupler; 

Fig. 3 is a plane pattern diagram showing the 
basic configuration of a 2-input/2-output direc- 
tional coupler type optical function element 15 
according to the present invention; 
Fig. 4 is a plane pattern diagram showing an 
example of connection of electrodes mounted on 
a Junction of the optical function element of Fig. 3 
whose optical waveguides are formed of a semi- 20 
conductor material; 

Fig. 5 is a plane pattern diagram showing an 
example of connection of electrodes mounted on 
a junction of the optical function element of Fig. 3 
whose optical waveguides are formed of a dielec- 25 
trie material; 

Fig. 6 is a plane pattern diagram showing another 
example of connection of electrodes mounted on 
the junction of the optical function element of Fig. 
3 whose optical waveguides are formed of a 30 
dielectric material; 

Fig. 7 is a plane pattern diagram showing the 
basic configuration of a 1-input/2-output direc- 
tional coupler type optical function element 
according to the present invention; 35 
Fig. 8 is a plane pattern diagram showing an 
example of connection of electrodes mounted on 
a junction of the optical function element of Fig. 7 
whose optical waveguides are formed of a semi- 
conductor material; 40 
Fig. 9 is a plane pattern diagram showing an 
example of connection of electrodes mounted on 
a junction of the optical function element of Fig. 7 
whose optical waveguides are formed of a dielec- 
tric material; 45 
Fig. 10 is a plane pattern diagram showing 
another example of connection of electrodes 
mounted on the junction of the optical function 
element of Fig. 7 whose optical waveguides are 
formed of a dielectric material; 50 
Fig. 1 1 is a plane pattern diagram showing a 2-irv 
put/2-output directional coupler type optical func- 
tion element according to Embodiment 1 or 2; 
Fig. 12 is a sectional view taken along line XII-XII 
of Fig. 11; 55 
Fig. 13 is a sectional view taken along line XIII- 
XIII of Fig. 11; 

Rg. 14 shows a theoretical characteristic curve 



representing the switching characteristic of the 
optical function element of Embodiment 1; 
Fig. 15 is a graph showing the relationship be- 
tween the extinction ratio and value p? of the opti- 
cal function element of Embodiment 1 ; 
Fig. 16 shows a theoretical characteristic curve 
representing the switching characteristic of the 
optical function element of Embodiment 2; 
Fig. 17 is a graph showing the relationship be- 
tween the extinction ratio and value p* of the opti- 
cal function element of Embodiment 2; 
Fig. 18 is a plane pattern diagram showing a 1 -in- 
puts-output directional coupler type optical func- 
tion element according to Embodiment 3 or 4; 
Fig. 19 shows a theoretical characteristic curve 
representing the switching characteristic of the 
optical function element of Embodiment 3; 
Fig. 20 Is a graph showing the relationship be- 
tween the extinction ratio and value p? of the opti- 
cal function element of Embodiment 3; 
Fig. 21 is a graph showing the theoretical relation- 
ship between the extinction ratio and value & of 
the optical function element of Embodiment 3 
observed where P2 = Ps = 0 is given; 
Fig. 22 shows a theoretical characteristic curve 
representing the switching characteristic of the 
optical function element of Embodiment 4; and 
Fig. 23 is a graph showing the relationship be- 
tween the extinction ratio and value p? of the opti- 
cal function element of Embodiment 4. 
Fig. 3 is a plane pattern diagram showing the 
basic configuration of a 2-input/2-output directional 
coupler type optical function element according to an 
embodiment of the present invention. As seen from 
Fig. 3, a plane pattern of the optical function element 
differs from the conventional 2-input/2-output direc- 
tional coupler type optical function element shown in 
Fig. 1 only in that a junction Co is constructed as fol- 
lows. 

First, two optical waveguides A and B with the 
same width (path width W) are arranged parallel to 
each other with a fine space G between them at the 
junction Co, and curved optical waveguides Di and 
with a curvature radius R t and a path width W are opti- 
cally connected to incidence ends A t and B, of the 
waveguides A and B, respectively, thus constituting 
an incidence-side lead section C 1a Likewise, curved 
optical waveguides D 3 and D 4 with a curvature radius 
R 2 and the path width W are optically connected to 
emergence ends A2 and B2 of the waveguides A and 
B, respectively, thus constituting an emergence-side 
lead section C2. At the incidence-side lead section , 
moreover, straight optical waveguides E, and E 2 with 
the path width W are optically connected to the curved 
optical waveguides D, and D 2 , respectively, so that 
the distance between the respective centers of the 
waveguides E t and E 2 is G 1a At the emergence-side 
lead section on the other hand, straight optical 
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waveguides E 3 and E 4 with the path width W are opti- 
cally connected to the curved optical waveguides D3 
and D 4 , respectively, so that the distance between the 
respective centers of the waveguides E 3 and E4 is Go- 
lf the straight optica) waveguide is an incidence 5 
port, the straight optical waveguides E 3 and E4 serve 
as a through port and a cross port, respectively. 

The incidence- and emergence-side lead sec- 
tions C t and C2 are not limited to the Olustrated 
arrangement including the curved optical wavegui- 10 
des. Alternatively, for example, the incidence end A t 
and the straight optical waveguide E 1t the incidence 
end B 1 and the straight optical waveguide E* the 
emergence end A2 and the straight optical waveguide 
E3, and the emergence end Bj and the straight optical 13 
waveguide E4 may be optically connected to one 
another by means of finely tapered straight optical 
waveguides, individually. 

Any of these optical waveguides is formed of a 
material which generates an electrooptical effect or a 20 
material of a structure such that its refractive index 
can be controlled by means of an electrical signal. For 
example, each optical waveguide may be a multilayer 
laminate structure of a semiconductive material, such 
as GaAs/AIGaAs, formed by the MOCVD method. 25 

The junction Co is formed by optically connecting 
a front-stage partial junction 63, front-stage partial 
junction C 4 with electrode, central partial junction C5, 
rear-stage partial junction Ce with electrode, and re- 
ar-stage partial junction C7, in the order named, rang- 30 
ing from the incidence ends A A and B, to the 
emergence ends A2 and B2 thereof. > 

If the overall length of the junction Co is L, and if 
Pi, r^and are decimals or zero satisfying a relation pt 
+ P2 ♦ Ps<1(P**0), the length of the frontstage partial 35 
junction C^is^xUthatofthe frontnstage partial junction 
C 4 WTthdectrodeis(1-p 1 -p 2 -pJ 
partial junction C 5 is P2 x L, that of the rearetage partial 
junction Co with electrode is (1 - p, - pa - pj x L/2, and 
that of the rear-stage partial junction C7 is pj x L 40 

In this case, the combination of the incidence-si- 
de lead section C, and the front-stage partial junction 
C3 newly constitutes an equivalent incidence-side 
lead section (C, + C 3 ), whfle the combination of the 
emergence-side lead section Cj and the rear-stage 45 
partial junction Oj newly constitutes an equivalent 
emergence-side lead section (C2 + C7). Thus, the 
coefficients p 1 and ps are selected as values which 
determine the respective lengths of the front- and re- 
ar-stage partial junctions and C7 in a manner such so 
that the connection (or coupling effect) at the combi- 
nation of the incidence-side lead section d and the 
front-stage partial junction C3 is similar to the connec- 
tion (or coupling effect) at the combination of the 
emergence-side lead section Cj and the rear-stage 55 
partial junction C7, so that the element can enjoy a 
perfectly symmetrical connection state as a whole for 
the entire equivalent incidence-and emergence-side 



lead sections. 

The coefficient P2 is selected as a value such that 
the coupling effect of the central partial junction C 6 is 
equal to the sum of the coupling effect of (Cj ♦ C3) and 
(C2 + C7). That is the central partial junction Cs has a 
length corresponding to a maximum value of the exti- 
nction ratio as measured in a through mode with the 
length of the junction Cs varied. 

The states of connection between electrodes F lP 

F 3 and F 4 at the partial junctions C 4 and Ce vary 
depending on the optical waveguide material used. If 
the waveguide material is a semiconductor, for 
example, it is necessary only to provide an inverted A 
0 structure such that the electrodes F 2 and F 3 and the 
electrodes Fi and F 4 are connected by means of leads 
U and fV, respectively, as shown in Fig. 4. If the 
waveguide material is a dielectric, such as UNbQ*, it 
is necessary only to make connections corresponding 
to the crystal I in e orientation of the d ielectric, as shown 
in Figs. 5 and 8. 

In the optical function element of the embodiment, 
the equivalent incidence-side lead section (C, + C3), for- 
med of the incidence-side lead section C, and the 
front-stage partial junction Cs, and the equivalent 
emergence-side lead section (C2 + C7), formed of the 
emergence-side lead section C2 and the rear-stage 
partial junction C7, serve that the coupling effect of 
section (C2 + C7) equals the coupling effect of section 
(C1 + Cg). In the element as a whole, therefore, the 
front-stage partial junction C 4 with electrode, central 
partial junction C 5 , and rear-stage partial junction C* 
with electrode develop a state equivalent to the one 
obtained in the case where the incidence- and emer- 
gence-side lead sections are perfectly symmetrical. 
Thus, the extinction ratio for a cross mode can be pre- 
vented from lowering. 

The central partial junction C 5 formed in the junc- 
tion Co is adjusted to a length such that the extinction 
ratio has a maximum In the through mode, that is, a 
connection (or coupling effect) equivalent to the con- 
nection (or coupling effect) at the combination of the 
incidence- and emergence-side lead sections and 
Cj and the partial junctions C3 and C7 can be 
obtained. In this case, the extinction ratio for the 
through mode is unlimited theoretically. 

Thus, in the optical function element of the embo- 
diment, the extinction ratio for either of the cross and 
through modes is much higher than in the conven- 
tional cases. 

Fig. 7 shows the basic configuration of a 1 -in- 
puts-output directional coupler type optical function 
element according to an embodiment of the present 
invention. 

A plane pattern of this optical function element dif- 
fers from the conventional 1 -in put/2-output directional 
coupler type optical function element shown in Fig. 2 
only in that a junction Co is constructed as follows. 

First, two optical waveguides A and B with the 



5 



9 



EP 0 494 751 A2 



10 



same width (path width W) are arranged parallel to 
each other with a fine space G between them at the 
junction Co, and a straight optical waveguide Eq with 
a path width W is optically connected to an incidence 
end of the one waveguide A, thus constituting an 5 
incidence port Also, curved optical waveguides D3 
and D 4 with a curvature radius R and the path width 
W are optically connected to emergence ends A2 and 
B2 of the waveguides A and B, respectively, thus con- 
stituting an emergence-side lead section C2. 10 
Moreover, straight optical waveguides E 3 and E4 with 
the path width W are optically connected to the curved 
optical waveguides D3 and D* respectively, so that 
the distance between the respective path-width cen- 
ters of the waveguides E3 and E4 is Go, thus constitute is 
ing a through port (EJ and a cross port (E4), 
respectively. 

In the case of this optical function element, as in 
the case of the element shown in Fig. 3, the emergen- 
ce-side lead section C2 is not limited to the Blustrated 20 
arrangement including the curved optical 
waveguides. Alternatively, for example, the emerg- 
ence ends A2 and B2 may be optically connected to 
the straight optical waveguides E 3 and E4, respect- 
ively, by means of finely angled straight optical 25 
waveguides. 

Any of these optical waveguides, like those of the 
optical function element shown in Fig. 3, is formed of 
a material which generates an electrooptical effect or 
a material of a structure such that its refractive index 30 
can be controlled by means of an electrical signal. 

As in the case of the optical function element 
shown in Fig. 3, the junction Co is formed by optically 
connecting a front-stage partial junction C 3 , front-sta- 
ge partial junction C 4 with electrode, central partial 35 
junction C* rear-stage partial junction Co with elec- 
trode, and rear-stage partial junction C7, in the order 
named, ranging from the incidence end At to the 
emergence ends A2 and B2 thereof. 

If the overall length of the junction Co is L, and if 40 
Pu P2 and ps are decimals or zero satisfying a relation 
Pi + P2 + P3<1 (Pi*P2*0), the length of the front-stage 
partial junction Qj is p* x L, that of the frorrt-stage partial 
junction C 4 with electrode kfl-Pi-Pz-p^xLCthatof 
the central partial junctionCj is P2*U that of the rear-stage 45 
partial junction C$ with electrode is (1 - p, - Dj - pj x U2, 
and that of the rear-stage partial junction C? is D3 x L 

In this case, the coefficients p f and D3 are selec- 
ted as values such that the connection at the front-sta- 
ge partial junction C3 with the length p, x L is similar so 
to the connection at the combination of the rear-stage 
partial junction C7 and the emergence-side lead sec- 
tion C* so that the whole eJement,is equivalent to the 
one obtained in the case where the incidence- and 
emergence-side lead sections are perfectly symmet- 55 
ileal. 

The coefficient is selected as a value such that 
the central partial junction C 5 has a length corre- 



sponding to a maximum value of the extinction ratio 
as measured in a through mode with the length of the 
junction Cs varied. 

The states of connection between electrodes F 1v 
F2, F 3 and F 4 at the partial junctions C 4 and Co vary 
depending on the optical waveguide material used. If 
the waveguide material is a semiconductor, for 
example, it is necessary only to provide an inverted A 
p structure such that the electrodes F 2 and F 8 and the 
electrodes F 1 and F 4 are connected by means of leads 
f t and f* respectively, as shown in Fig. 8. If the 
waveguide material is a dielectric such as LiNbOs, it 
is necessary only to make connections corresponding 
to the crystalline orientation of the dielectric as shown 
in Figs. 9 and 10. 

Also in the case of this 1-input/2-output direc- 
tional coupler type optical function element, the con- 
nection at the front-stage partial junction C» Is similar 
to the connection at the combination of the rear-stage 
partial junction C7 and the emergence-side lead sec- 
tion Q2. In this directional coupler as a whole, theref- 
ore, the front-stage partial junction C 4 with electrode, 
central partial junction C& and rear-stage partial junc- 
tion Co with electrode generate a state equivalent to 
the one obtained in the case where the incidence- and 
emergence-side lead sections are perfectly symmet- 
rical. Thus, the extinction ratio can be prevented from 
lowering in a cross mode. 

The central partial junction C 6 is adjusted to a 
length such that the extinction ratio for the through 
mode has its maximum. 

Thus, also in the case of this optical function ele- 
ment, the extinction ratio for either of the cross and 
through modes is much higher than in the conven- 
tional case shown in Fig. 2. 

[Embodiment 1] 

A 2-input/2-output directional coupler type optical 
function element of the present invention shown in the 
plane pattern diagram of Fig. 11 was manufactured. 
This optical function element is a modified version of 
the element shown in Rg. 3, in which Pi = Ps = 0 is 
given, that is, the incidence ends A 1 and B t and the 
emergence ends A2 and Bj of the optical waveguides 
A and B are optically connected to the curved optical 
waveguides D 1v D* D 3 and respectively, in a direct 
manner, without using the front- and rear-stage partial 
junctions. 

In Fig. 1 1 , the length of the junction Co is 8.0 mm, 
the distance G between the optical waveguides A and 
B is 3.5 jim, the distances Go and G 1 between the 
through port E 3 and the cross port E 4 and between the 
incidence ports E, and E 2 are both 250 pm, the cur- 
vature radius R t of the curved optical waveguides D t 
and D2 and the curvature radius R 2 of the curved opti- 
cal waveguides D 3 and D 4 are both 30 mm, and the 
path width W is 7 urn. 



6 



11 



EP 0 494 751 A2 



12 



Gaps gi and g2> 93 and 94, g 5 and g* and 97 and 
0s with a length of several micrometers are formed be- 
tween the incidence-side lead section C, and the 
front-stage partial junction C 4 with electrode, between 
the partial junction C 4 and the central partial junction s 
C* between the partial junction C 6 and the rear-stage 
partial junction Ce with electrode, and between the 
partial junction Ce and the emergence-side lead sec- 
tion C2, respectively. These gaps are provided lest an 
electrical signal introduced into each electrode influ- 10 
ence other electrodes. 

The length P2 x L of the central partial junction C 5 
is 540 um (p? = 0.0675), and those of the front-stage 
partial junction C 4 with electrode and the rear-stage 
partial junction Ce with electrode are both 3.73 mm. 1 5 

The front- and rear-stage partial junctions C 4 and 
Ce with electrode and the central partial junction Ce of 
the junction Co are arranged as shown in Figs. 12 and 
1 3, which are sectional views taken along lines XI l-XII 
and XllkXIII, respectively, of Fig. 1 1. 20 

More specifically, a substrate 2 of n+GaAs, a buf- 
fer layer of n + GaA!As with a thickness of 0.5 urn, a 
lower cladding layer 4 of n+GaAlAs with a thickness of 
3.0 urn, and a core layer 5 of n'GaAs with a thickness 
of 1.0 um are stacked in layers on a lower electrode 25 
1 of AuGeNi/Au, in the order named, by the MOCVD 
method. Further, a dadding 6a of n'GaAIAs, a dad- 
ding 6b of p GaAIAs, and a cap 6c of p+GaAs are suc- 
cessively stacked in layers on the core layer 5 by the ^ 
MOCVD method, thus constituting an upper cladding 
layer 6. The top of the dadding layer 6 is coated with 
an insulating film 7, such as an S1O2 film. Thus, the 
two optical waveguides A and B with the path width W 
are formed ridge-shaped with the distance G between ^ 
them. 

At the regions where the electrodes F i , F* F* and 
F 4 are to be mounted, as shown in Fig. 12, part of the 
insulating film 7 is removed to form a slit-shaped win- 
dow 7a. Ti/Pt/Au is, for example, deposited on the top ^ 
face of the cap 6c through the window 7a, thus form- 
ing the electrodes F 3 and F* 

In Fig. 13, the lead f 2 for connecting the elec- 
trodes F t and F 4 is formed on the insulating film 7. 

In the optical waveguides A and B formed in this ^ 
manner, the interface between the daddings 6a and 
6b constitutes a pn-junction interface 6d. If specific 
electrical signals are introduced from the electrodes 
Fi» F 2 , F 3 and F 4 , therefore, an electroopticaJ effect, 
plasma effect, band filling effect, etc. develop at the ^ 
pn-junction interface 6d, so that the refractive index of 
those portions of the core layer which are situated 
right under the electrodes changes, and hence, the 
state of optical connection between the optical 
waveguides A and B changes. ^ 

Fig. 14 shows a theoretical characteristic curve 
representing the switching characteristic of this ele- 
ment obtained when a TE mode light beam with a 



wavelength of 1.3 urn is excited at the inddence port 
E 1t and when only the electroopticaJ effect is 
developed by applying reverse bias voltage to the 
electrodes. 

When the element is actually driven by means of 
the reverse bias voltage, the extinction ratio can be 
estimated at 30 dB or more if the applied voltage in the 
cross mode is -7 V or if the applied voltage in the 
through mode is -1 5 V, in view of the conditions of a 
measurement system. 

Fig. 15 shows the relationship between the fluc- 
tuation of the extinction ratio and the coeffident P2 of 
the element observed when the coeffident pz is varied 
to change the length P2X L of the central partial junc- 
tion Ce. In Fig. 15, drdesand black squares represent 
the through mode and the cross mode, respectively. 

As seen from Fig. 15, this element can enjoy the 
extinction ratio of 60 dB or more without regard to the 
mode, through or cross, even if p* or the length of the 
central partial junction C 6 somewhat varies. 

It is evident from Rg. 15, moreover, that the coef- 
ficients p 1t px and pe should be selected at certain 
values for the maximum extinction ratio of the ele- 
ment 

IfGo.Gi.G, R,, R 2 and Ware set at the aforemen- 
tioned values, for example, the extinction ratio for the 
cross mode inevitably lowers unless p t = 0 and p» = 
0 are established. If P2 is deviated from 0.0675, 
moreover, it is impossible to obtain the maximum exti- 
nction ratio, 74.29 dB, for the through mode. 

[Embodiment 2) 

Another 2-input/2-output directional coupler type 
optical function element was manufactured. This opth 
cal function element is a modified version of the element 
shown in Fig. 11, in which the length of the junction Cb 
is 8 mm, Wis7um,Gb(=G 1 )is250urn,Gis3.5um 1 
Ri is 50 mm, R 2 is 30 mm, pj = 0, the length of the central 
partial junction C* is 656 urn = 0.082), and the length 
of the rear-stage partial junction C7 is 59 um (p* = 
0.007375). Gaps were formed between the individual 
partial junctions, as in the case of Embodiment 1. 

Rg. 16 shows a theoretical characteristic curve 
representing the switching characteristic of this ele- 
ment obtained when a TE mode light beam with a 
wavelength of 1.3 um is excited at the inddence port 
Ei, and when only the electroopticaJ effect is 
developed by applying reverse bias voltage to the 
electrodes. 

When the element is actually driven by means of 
the reverse bias voltage, the extinction ratio can be 
estimated at 30 dB or more if the applied voltage in the 
cross mode is -7 V or if the applied vdtage in the 
through mode is -1 5 V, in view of the conditions of a 
measurement system. 

Rg. 17 shows the relationship between the fluc- 
tuation of the extinction ratio and the coeffident p? of 
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the element observed when the coefficient is varied 
to change the length pj x L of the central partial junc- 
tion C5, In Rg. 15, circles and black squares represent 
the through mode and the cross mode, respectively. 
As seen from Fig. 17, this element exhibits the extinc- s 
tion ratio of 60 dB or more. 

In the case of this element, moreover, the extinc- 
tion ratio for the cross mode is not lowered despite the 
different curvature radii of the incidence- and emer- 
gence-side lead sections G, and 10 

[Embodiments] 

A 1-input/2-output directional coupler type optical 
function element was manufactured, as shown in the 15 
plane pattern diagram of Fig. 18. This optical function 
element is a modified version of the element shown in 
Fig. 7, in which Ps = 0 is given, that is, the emergence 
ends A2 and Efe of the optical waveguides A and B are 
optically connected to the curved optical waveguides 20 
D 3 and D* respectively, in a direct manner, without 
using the rear-stage partial junction. 

In Fig. 18, the length of the junction C© is 7.5 mm, 
the distance G between the optical waveguides A and 
B is 3.5 jim, the distance Go between the respective 25 
path-width centers of the through port E 3 and the 
cross port E4 is 250 um, the curvature radius R of the 
curved optical waveguides D 3 and D 4 , which consti- 
tute the emergence-side lead section is 30 mm, 
and the path width W is 7 um. In this element, as in 30 
the case of the element of Embodiment 1 , gaps and 
g* 83 and g*. Qs and g* and & and ga are formed be- 
tween the individual partial junctions lest an electrical 
signal introduced into each electrode adversely affect 
other electrodes. 35 

The length p, x L of the front-stage partial junction 
C3 is 267 um Oh = 0.0356), the length pj x L of the 
central partial junction C 5 is 540 um (P2 = 0.072), and 
those of the front-stage partial junction C 4 with elec- 
trode and the rear-stage partial junction Cq with eleo 40 
trode are both 3.3465 mm. 

The front- and rear-stage partial junctions C 4 and 
Ce with electrode and the central partial junction C5 of 
the junction Co have the same sectional configu- 
rations as the ones described in connection with the 45 
optical function element of Embodiment 1. 

Fig. 19 shows a theoretical characteristic curve 
representing the switching characteristic of this ele- 
ment obtained when a TE mode light beam with a 
wavelength of 1 .3 um is excited at the incidence port so 
Eo, and when only the electrooptical effect is 
developed by applying reverse bias voltage to the 
electrodes. 

When the element is actually driven by means of 
the reverse bias voltage, the extinction ratio can be 55 
estimated at 30 dB or more if the applied voltage in the 
cross mode is -8.5 V or if the applied voltage in the 
through mode is -1 9 V, in view of the conditions of a 



measurement system. 

Rg. 20 shows the relationship between the fluc- 
tuation of the extinction ratio and the coefficient P2 of 
the element observed when the coefficient P2 is varied 
to change the length P2 * L of the central partial junc- 
tion C5. In Fig. 20, black spots and black squares rep- 
resent the through mode and the cross mode, 
respectively. 

As seen from Fig. 20, this element can enjoy the 
extinction ratio of 40 dB or more without regard to the 
mode, through or cross, even if P2 or the length of the 
central partial junction C 6 somewhat varies. 

It is evident from Rg. 20 along with Fig. 21 men- 
tioned below, moreover, that the coefficients p 1f P2 
and Ps should be selected at certain values for the 
maximum extinction ratio of the element 

Fig. 21 shows theoretical characteristic curves 
representing the transitions of the extinction ratio at 
the through port E 3 and the cross port E4 with pj - Pa 
= 0 and pt varied. In Fig. 21, black spots and black 
squares represent the extinction ratios of the through 
port and the cross port, respectively. As seen from 
these curves, the extinction ratio of the cross port is 
40 dB or more when p, ranges from 0.032 to 0.039, 
and the cross port exhibits its maximum extinction 
ratio when the front-stage partial junction C3 is formed 
having Pi in the vicinity of 0.035616. 

In the case of the element having R, G and W 
set at the aforementioned values, therefore, the exti- 
nction ratio for the cross mode inevitably lowers 
unless Pi and P3 are set at 0.035616 and 0, respect- 
ively. 

If P2 is deviated from 0.072, moreover, the 
maximum extinction ratio for the through mode cannot 
take the value, 63.06 dB, shown in Fig. 19. As seen 
from Fig. 20, however, this element exhibits the exti- 
nction ratio of at least 40 dB. 

[Embodiment 4] 

Another 1-input/2-output directional coupler type 
optical function element was manufactured. This opti- 
cal function element is a modified version of the ele- 
ment shown in Fig. 7, in which the length of the 
junction Co is 6 mm, W is 6 um. Go is 250 um, G is 3.0 
um, R is 50 mm, the length of the front-stage partial 
junction Cs is 249 um fa = 0.0415), the length of the 
central partial junction C5 is 498 um (r^ = 0.083), and 
p 3 is 0. Gaps were formed between the individual par- 
tial junctions, as in the case of Embodiment 3. 

Fig. 22 shows a theoretical characteristic curve 
representing the switching characteristic of this ele- 
ment obtained when a TE mode light beam with a 
wavelength of 1.3 um is excited at the incidence port 
Eo, and when only the electrooptical effect is 
developed by applying reverse bias voltage to the 
electrodes. 

When the element is actually driven by means of 
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the reverse bias voltage, the extinction ratio can be 
estimated at 30 dB or more if the applied voltage in the 
cross mode is -8.0 V or if the applied voltage in the 
through mode is -20.0 V, in view of the conditions of 
a measurement system. 5 

Fig. 23 shows the relationship between the fluc- 
tuation of the extinction ratio and the coefficient P2 of 
the element observed when the coefficient is varied 
to change the length p2 * L of the central partial junc- 
tion C* In Fig. 23, black spots and black squares rep- 10 
resent the through mode and the cross mode, 
respectively. 

The element of this embodiment can also enjoy 
the extinction ratio of 30 dB or more for either of the 
through and cross modes. 15 

Thus, in the directional coupler type optical func- 
tion element according to the present invention, the 
front- and rear-stage partial junctions serve to remove 
the asymmetry of connection between the inctdence- 
and emergence-side lead sections of the convert- 20 
tional directional couplers, and prevent the extinction 
ratio for the cross mode from lowering. Since the cent- 
ral partial junction is formed having a length such that 
the extinction ratio for the through mode has its 
maximum, moreover, the through-mode extinction 25 
ratio can be also kept high. In other words, the optical 
function element of the Invention exhibits a high exti- 
nction ratio for either of the through and cross modes. 

Thus, by incorporating the element of the present 
Invention in an optical communication system, the 30 
possibility of cross talk can be towered, and optical 
signals can be transmitted with improved accuracy. 

In the embodiments described above, the optical 
function element of the present invention is driven as 
an optical switch. Alternatively, however, it may be 35 
used as a polarizing splitter which simultaneously per- 
forms, for example, injection of forward current from 
the electrodes and application of reverse voltage, 
thereby separating a TE mode light beam from a TM 
mode light beam. Further, the element can be used as 40 
an optical modulator or wavelength division multip- 
lexer/demultiplexer wfth high extinction ratio charac- 
teristics. 



Claims 

1. A directional coupler type optical function ele- 
ment comprising: 

a directional coupler including a junction of so 
a length L having two parallel optical waveguides 
of equal widths formed of a material exhibiting an 
electroopticaJ effect; 

at least one optical waveguide optically 
connected to the incidence end of one of the opti- 55 
cal waveguides of the junction; and 

curved or straight optical waveguides con- 
nected individually to the respective emergence 



ends of the two optical waveguides of the junc- 
tion, 

said junction including a front-stage partial 
junction of a length p 1 x L, a front-stage partial 
junction with electrode, a central partial junction 
of a length x U a rear-stage partial junction with 
electrode, and a rear-stage partial junction of a 
length fexL, 

said Pi, P2 and D3 being decimals or zero 
satisfying a relation pi + p* + p a < 1 where at least 
one of Pi, D2 or ps is not equal to zero. 

2. A directional coupler type optical function ele- 
ment according to claim 1 where P 2 * 0. 

3. A directional coupler type optical function ele- 
ment according to claim 1 or 2 where the front-sta- 
ge partial junction with electrode is of a length 
(I-P1-P2-P3) x U2 and the rear-stage partial junc- 
tion with electrode is of the same length as the 
front-stage partial junction with electrode. 

4. A directional coupler type optical function ele- 
ment according to claim 1, 2 or 3 wherein curved 
or straight optical waveguides are optically con- 
nected to the respective incidence ends of the two 
optical waveguides of said junction, thereby form- 
ing an incidence-side lead section, the curved or 
straight optical waveguides are optically connec- 
ted to the respective emergence ends of the two 
optical waveguides of said junction, thereby form- 
ing an emergence-side lead section, and said p 1t 
P2 and D3 are decimals or zero satisfying a relation 

P1+P2+P3<1(P2*0). 

5. A directional coupler type optical function ele- 
ment according to claim 4, wherein said junction 
is arranged so that Pi =p) = 0 and fe*0. 

6. A directional coupler type optical function ele- 
ment according to claim 1 , 2 or 3 wherein only one 
of the two optical waveguides of said junction is 
optically connected at the incidence end thereof 
with a straight optical waveguide, the curved or 
straight optical waveguides are optically connec- 
ted to the respective emergence ends of the two 
optical waveguides of said junction, thereby form- 
ing an emergence-side lead section, and said p 1s 
P2 and pa are decimals or zero satisfying a relation 

P1 + P2 + P3<1(P1.P2*0). 

7. A directional coupler type optical function ele- 
ment according to claim 6, wherein said junction 
is arranged so that = 0 and p 1f * 0. 

8. A directional coupler type optical function ele- 
ment according to any preceding claim wherein Pi 
and/or D3 is selected so that the coupling between 
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the waveguides at the incidence side of the front- 
stage partial junction with electrode is substan- 
tially the same as that at the emergence side of 
the rear-stage partial junction with electrode. 

9. A directional coupler type optical function ele- 
ment according to claim 8, wherein P2 is selected 
to maximise the extinction ratio for the through 



10 

10. A directional coupler type optical function ele- 
ment according to claim 8 or 9, wherein P2 is 
selected such that the coupling between the 
waveguides at the central partial junction is sub- 
stantially equal to the sum of said incidence side 1 s 
and emergence side couplings. 

11. A directional coupler type optical function ele- 
ment comprising: 

a directional coupler including a junction of to 
a length L having two parallel optical waveguides 
of equal widths formed of a material exhibiting an 
electrooptical effect or a material capable of ref- 
ractive index control by means of an electrical sig- 
nal; 25 

at least one optical waveguide optically 
connected to the incidence end of one of the opti- 
cal waveguides of the junction; and 

curved or straight optical waveguides con- 
nected individually to the respective emergence 30 
ends of the two optical waveguides of the junc- 
tion, 

said junction including a front-stage partial 
junction of a length pi x U a front-stage partial 
junction with electrode of a length (1-Pi-Pz-Ps) x 35 
L/2, a central partial junction of a length x U a 
rear-stage partial junction with electrode of the 
same length as that of the front-stage partial junc- 
tion with electrode, and a rear-stage partial junc- 
tion of a length Pa x L, ao 

said Pi, P2 and Ps being decimals or zero 
satisfying a relation p t + P2 + Ps < 1 (P2 * 0 or p 1f 
P2*0). 
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